Understanding the development of the vertebrate brain and in particular that of the neocortex, where high brain functions reside, remains one of the most dif®cult and exciting tasks in biology. In this review, we discuss recent experimental evidence as well as different possibilities for the intrinsic regionalization of the embryonic dorsal telencephalon, which may be related to the formation of distinct functional areas in the adult neocortex. q
Discussion
Discoveries in developmental genetics over the last 20 years have revealed that the same molecular mechanisms operating to generate growth and pattern in one part of the embryo at a given time are also operational in other parts and at different times. There may be a few themes but what are all important are the variations. For example, similar signaling cascades operate in the formation of arms, hairs, lungs, and the spinal cord. The difference, of course, is cellular context and developmental history. Thus, it is fair to ask whether the formation of the vertebrate brain, and speci®cally here, the most recent brain structure in evolution, the mammalian neocortex (or isocortex), follows a variation of conserved themes or whether it represents a totally novel structure that arises by fundamentally different mechanisms.
In principle, the development of the mammalian neocortex can be divided into two problems, one of growth and one of regionalization or pattern formation. While it is clear that these two are intimately interrelated issues, that there is differential proliferation in different cortical regions, and that the size of areas varies extensively (reviewed in Rakic, 1988; Polleux et al., 1997) , it may be possible to study them separately at ®rst in order to simplify a molecular approach. In this review, we will focus on the patterning of the mammalian cerebral neocortex (Fig. 1) . Since we present a partial view of neocortical patterning, the reader is encouraged to read other reviews on different evolutionary, cellular, molecular, and electrophysiological aspects of cortical development (Rakic, 1988; O'Leary et al., 1994; Levitt et al., 1997; Rubenstein et al., 1999; Krubitzer and Huffman, 2000; Ragsdale and Grove, 2001; Sur and Leamey, 2001) . Here, our subjective view of separating growth from pattern formation may acquire a more profound meaning since all the regions of the adult neocortex contain six cellular layers with the same cell types, albeit with different cell densities, cytoarchitecture, and neurochemical speci®city. However, what is fundamentally different from one region of the neocortex to another is the functional connectivity of neuronal populations in different layers.
Electrophysiological mapping studies have delineated the existence of distinct areas in the tangential plane of the neocortical sheet that are characterized by the presence of neurons that process similar information and are thus devoted to different modalities (reviewed in O' Leary et al., 1994; Levitt et al., 1997; Figs. 1 and 2) . For example, the posterior (occipital) region of the neocortex is generally devoted to the processing of visual information, transmitted from the exterior through the eyes and relayed through the lateral geniculate nucleus (LGN) of the thalamus, the major relay input to the cortex. In contrast, more anterior (rostral) areas can be devoted to the processing of somatosensory information, through receptors in the skin and muscles and relayed through the ventrobasal nucleus of the thalamus. In a way, the problem of arealization of sensory areas can therefore be translated into the problem of how distinct areas of the neocortex are speci®ed to receive and maintain speci®c inputs from different thalamic nuclei, a property that is established early in neocorticogenesis (Gaillard and Roger, 2000) . Output neurons from different areas then innervate distinct cortical and subcortical targets.
Arealization of the neocortex is a highly plastic process and the mechanisms that underlie it must be able to account for this plasticity. For instance, extirpation of the entire visual area of an opossum before the arrival of thalamic afferents still yields an innervated cortex displaying an area devoted to the processing of visual information (reviewed in Krubitzer and Huffman, 2000) . Other experiments with cortical or thalamic lesions show that there is a precise matching of cell numbers between the appropriate thalamic nuclei and their corresponding neocortical areas, and that the topographic arrangement of cortical circuits and the thalamic nuclei are sensitive to the early integrity of peripheral inputs (e.g. Rakic et al., 1991) . These and other results show that (C) The question addressed in this review is how the precursor cells in the neocortex become intrinsically distinct and eventually form areas with speci®c inputs and outputs. A, auditory area; Ant, anterior; Dors, dorsal; M, motor area; Post, posterior; S, somatosensory area; V, visual area; Vent, ventral. thalamocortical axons (which reach their target before corticothalamic or corticocortical ®bers do) (e.g. Auladell et al., 2000) may carry patterning information (reviewed in O' Leary et al., 1994) and that the stereotypical pattern of arealization of a given species can be modi®ed at the level of individual experience. However, a visual area develops even in the complete absence of input both in anopthalmic humans and in early-enucleated primates, and this visual area develops in the correct occipital location in relation to other normal areas (reviewed in Rakic, 1988) . These ®ndings and the fact that different species display stereotypical areal maps suggest that there is a genetic component to this process.
The main question in the ®eld has been the origin and mode of operation of the information required for arealization. This is the classical question that ®rst develops in the study of any two-component patterning system. The same question has arisen in the study of the patterning of the neural plate along the anteroposterior (A-P) axis and in the patterning of skin appendages. In the latter case, the question is whether the dermis or the epidermis is responsible for the pattern of hairs in mammals, feathers in birds, or scales in reptiles. In the former case, the question is whether the A-P patterning of the vertebrate neural plate depends on information intrinsic to the neuroectoderm or whether this is transmitted from an adjacent tissue: the axial mesoderm of the gastrulating embryo.
The patterning of the neural plate along the A-P axis has been proposed to occur via planar signals, that is, signals traveling through the plane of the neuroepithelium (Ruiz i Altaba, 1990; reviewed in Ruiz i Altaba, 1998) . This contrasts with the classical model by which patterning was thought to occur through an inductive interaction with the underlying axial mesoderm (Spemann and Mangold, 1924; Nieuwkoop et al., 1952) . Planar patterning has been supported by a number of experiments (Ruiz i Altaba, 1993; Doniach, 1993) and it is perfectly consistent with the classical implantation (Einsteck) results (Mangold, 1933) . In the latter, both the underlying axial mesoderm and the overlying neuroectoderm were able to induce competent ectoderm to develop neural structures of an A-P character similar to that of the graft at the same time. Thus, these experiments cannot discern where the spatial patterning information originally derives from. In fact, it has been proposed that both the tissues acquire A-P information simultaneously and that there is a matching of the positional values involved in attaining congruency between the germ layers (Ruiz i Altaba, 1992). Nevertheless, the idea of planar signaling still remains somewhat controversial and the main reason for this is that it is impossible to separate the neuroectoderm and the axial mesoderm during normal development. Indeed, even cells fated to give rise to these tissues are apposed in the organizer region and to the adjacent paraxial mesoderm, two possible sources of patterning signals (Woo and Fraser, 1997; reviewed in Ruiz i Altaba, 1998) . Another source of planar signals is the anterior neural ridge, which is involved in patterning the most anterior part (prospective forebrain) of the neural plate in mice . Thus, while one can demonstrate that the A-P patterning of the neuroectoderm can occur via planar signals originating from a number of organizing centers, other experiments also demonstrate the requirement of the vertical signals from underlying axial mesoderm and, at least in mice, from the early anterior visceral endoderm (Thomas and Beddington, 1996, Varlet et al., 1997; reviewed in Ruiz i Altaba, 1998) , and both may be required for completely normal development. What is not yet clear is how patterning occurs in the unmanipulated embryo, although the development of neural A-P pattern in zebra®sh mutants lacking Nodal function, and thus all axial mesoderm, does suggest that planar patterning is operational in vivo (Feldman et al., 1998; Gritsman et al., 1999) .
This slight detour to an embryological problem provides fertile ground to reconsider the problem of cortical arealization. The neocortical neuroepithelium is, in fact, not dissim- ilar to that of the early neural plate. In both the neocortex and the neural plate, there is a question of intrinsic versus extrinsic information sources. External information sources can be the mesoderm for the neural plate and the thalamus for the neocortex. The axial and paraxial mesoderm underlies the neural plate and a similar relationship could be imagined for the thalamus and neocortex, although in this case, long processes (axons) bridge the distance between the cell bodies. However, since the thalamus is the latest relay station before the cortex, it could be imagined too that information originates from the sensory organs themselves. Indeed, Otx2 is expressed in the retina, the LGN, and the visual cortex (Nothias et al., 1998) , suggesting the possibility that sensory relay pathways are marked, and possibly determined, by the independent but common expression of regulatory genes (Nothias et al., 1998 ; see also Prochiantz, 1997; Nakagawa and O'Leary, 2001; Sestan et al., 2001) .
Is the patterning information required for arealization of the neocortex then transmitted from the thalamus to the cerebral cortex? A series of transplant experiments originally suggested that cortical grafts could be respeci®ed after transplantation (reviewed in O' Leary et al., 1994) . However, similar experiments suggest that the origin of the graft is critical for speci®city (Ebrahimi- Gaillard and Roger, 1996) . Essentially, while it may be possible for the grafted neurons from one area (e.g. visual) to acquire the connectivity pattern speci®c for the host area (e.g. motor) this appears not to be the rule. In such cortical grafts, the norm is for the grafted cells to maintain their identity. These results, therefore, do not allow one to ®rmly discriminate between intrinsic and extrinsic cues although they point toward intrinsic speci®cation.
Advantages of studying intrinsic planar patterning mechanisms in the developing mammalian neocortex include its relatively large size, the fact that it develops late and that it is dispensable for the embryo. Moreover, unlike the neural plate and mesoderm, the neocortical neuroepithelium develops separately from the thalamus and one can access it before connections are established (from the thalamus around E13.5±14 in mice; CohenTannoudji et al., 1994; Auladell et al., 2000) . In this system, it is therefore possible to have a window of time during which the development of the prospective neocortex can progress through whatever intrinsic information it may have. The question then is whether there is any evidence of regionalization in the absence of thalamic inputs that may pre®gure late arealization.
The problem in analyzing cortical patterning, like that of analyzing neural plate A-P patterning, has been to ®nd molecular markers of speci®c areas. Moreover, there are no mouse mutants speci®cally displaying areal defects. The few published markers are generally expressed only at the late stages, when thalamocortical innervation is well established. Nevertheless, using these markers it was possible to perform a ®rst set of experiments, to test whether the neocortical neuroepithelium has intrinsic patterning information. Of these experiments with late cortical markers (e.g. latexin, LAMP, H-2Z1, reviewed in Levitt et al., 1997) , those with a fortuitous transgenic LacZ insertion that results in the selective expression of b-galactosidase (b-gal) in the barrel ®eld of the mouse somatosensory cortex (the H-2Z1 line) have been possibly the most informative due to the excellent resolution of the b-gal labeling and the highly restricted expression of the transgene (Cohen-Tannoudji et al., 1994) . Grafts of somatosensory cortex pieces into other regions result in the development of b-gal expression, suggesting that the identity of the grafted cells is preserved in a new environment (Cohen-Tannoudji et al., 1994) .
Explantation and in vitro culture of the embryonic cortex (the dorsal telencephalon) of H-2Z1 mice before thalamic innervation (from animals as young as E11) result in b-gal expression at the equivalent of the ®rst post-natal week (Gitton et al., 1999a) . When different regions are explanted, lacZ expression occurs only when the prospective somatosensory area is present, indicating that the somatosensory neurons know their fate (as judged by one marker) independently of any information from the thalamus (Gitton et al., 1999a) . Because b-gal expression in these H-2Z1 explants occurs in the center of the explant, this suggests that planar patterning mechanisms are active to delimit a central (somatosensory) domain. Following these results, it was shown that the prospective visual cortex also appears to have intrinsic patterning information: explants of posterior neocortex, made before thalamic innervation, develop expression of Otx2, a marker of a subset of neurons in the post-natal occipital, prospective visual neocortex (Nothias et al., 1998) . Thus, while these kinds of experiments represent a ®rst approach with late markers, they clearly show that different regions of the developing neocortex have or can acquire some degree of spatial patterning information in an intrinsic fashion by or after the time of explantation. What remains unclear, however, is to what extent single cells from different regions attain or retain regional identity (Gitton et al., 1999a) . A contribution from the thalamus was also tested in explant experiments and it was found that coculture of LGN and prospective visual cortex resulted in enhanced cortical Otx2 expression. This suggests that there is likely to be a cooperation of intrinsic and extrinsic cues for normal neocortical patterning.
A second set of experiments addressed the development of neocortical pattern in vivo as determined by the expression of a variety of genes. Differential marker expression, which included regional differences in the expression of genes, such as T-brain (Bulfone et al., 1995) , Lhx2 (Nakagawa et al., 1999) and cadherins (Suzuki et al., 1997) , in various cortical layers was analyzed in Mash1 and Gbx2 mutant mice that lack thalamocortical connections (Tuttle et al., 1999; Miyashita-Lin et al., 1999) . The neocortex of these mice developed normal expression of the markers analyzed Nakagawa et al., 1999) , further corroborating the previously described original ®ndings with explant cultures.
Cooperation of intrinsic and extrinsic events is perhaps highlighted by the ®nding that explants taken before birth develop H-2Z1 expression, whereas those taken after birth do not. Moreover, thalamic lesions performed at birth result in loss of marker expression (Gitton et al., 1999b) . These two results can be explained if H-2Z1 transcription becomes dependent on the presence of intact thalamocortical connections, which could be related to the ability of electrical activity to regulate the expression of differentiation markers (Corriveau et al., 1998 ; see also Gao and Pallas, 1999) .
The results with explants and mutant mice thus reshape the question we are interested in, which can now be formulated as follows: since molecular patterning of the neocortex can occur in the absence of thalamic information, what are the genetic mechanisms responsible for establishing it? Moreover, since the explants are taken at the time when there is just an early cortical plate being formed, could it be that patterning information is established in cycling precursors in the ventricular or subventricular zones? A possible precedent for this may be the early establishment of the A-P information in the embryonic hindbrain, at a time when most cells are still cycling and have not yet acquired dorsoventral fate (Yamada et al., 1991) . Alternatively, patterning information could be ®rst established in earlydifferentiating cells, like in Cajal±Retzius neurons (Super et al., 1998) or in those of the subplate (Ghosh and Shatz, 1993) . It remains also possible that there are patterning in¯uences from other forebrain cell groups, such as the ventral ganglionic eminences, the meninges, the hippocampus, the olfactory bulb and the septum (Fig. 2) .
Analyses of a small number of molecules known or thought to be important for axonal connectivity and cell fate in other parts of the embryo have yielded further cues as to the nature of the molecular mechanisms controlling neocortical patterning (reviewed in Levitt et al., 1997; Rubenstein et al., 1999; Ragsdale and Grove, 2001) . For example, a number of cadherins and ephrins and their receptors are differentially expressed in the developing cortex (Suzuki et al., 1997; Nakagawa et al., 1999; Gao et al., 1998; Donoghue and Rakic, 1999; Mackarehtschian et al., 1999; Sestan et al., 2001 ). Ephrin signaling is involved in the establishment of other connectivity maps, such as the retinotectal map (reviewed in Flanagan and Vanderhaeghen, 1998; Wilkinson, 2000) and it is therefore possible that it is involved in the establishment of the thalamocortical map. If so, this raises the question of how any early molecular regionalization may or may not be related to later functional arealization. Interestingly, a boundary of expression of EphA5 appears to coincide with the striate/extrastriate boundary within the primary visual cortex (Sestan et al., 2001) . However, the fact that mapping the boundary used expression of acetylcholine esterase in thalamic axons leaves the question unresolved since the mapping was possible only at a time when thalamocortical afferents were already in the cortex. Perhaps the study of what regulates the regionalized expression of cadherins and Eph/ephrins will yield clues as to the nature of the molecules involved in cortical regionalization, as it has in retinotectal mapping (Schulte and Cepko, 2000) .
Another family of conserved signals playing patterning roles in several tissues is that encoded by the Wnt genes. Several Wnts are expressed in the cortical hem and are involved in hippocampal development (Grove et al., 1998; Lee et al., 2000) . Others, such as Wnt7b and Wnt8b show nested expression patterns that include the neocortex (Lee et al., 2000; Kim et al., 2001a) . Moreover, Wnt receptors, such as Fz-8, and Wnt antagonists, such as SFRP-1, are expressed in the early neocortex (E10.5±12.5) in a restricted fashion (Kim et al., 2001b) . It is tempting to think, therefore, that WNT function could contribute to neocortical patterning. Indeed, WNT activity has been implicated in planar patterning in insects (reviewed in Mlodzik, 1999 ). Yet, so far there are no reports of mouse Wnt mutant showing speci®c patterning defects in the neocortex.
The homeobox gene family encodes important factors for embryonic patterning and mutation of the homeobox gene Emx2 has been reported to result in cortical disturbances (Mallamaci et al., 2000; Bishop et al., 2000) . This is interesting as Emx1 and Emx2 form part of a relatively small number of genes that show speci®c expression in the dorsal telencephalon (Gulisano et al., 1996) . Emx2 is expressed in a graded fashion in the cortical neuroepithelium, with highest levels posteriorly and occupying about two-thirds of the length of the telencephalic vesicle at around E10. Emx2 is therefore expressed in precursors (Mallamaci et al., 1998) . Mice lacking Emx2 show a compression of the visual cortex as determined by the extent of innervation of LGN axons (Mallamaci et al., 2000; Bishop et al., 2000) . However, most markers tested are still expressed in their normal fashion, although this is shifted. A similar result, but with opposite polarity, has been suggested for mutations in the homeobox gene Pax6. Small eye (Pax6 mutant) mice (small eye mice) may have compressed anterior areas as measured by thalamocortical axonal tracings (Bishop et al., 2000) . Do these results reveal a molecular mechanism involving graded homeoproteins for cortical arealization? We would suggest that this is not necessarily the case. Rather, Emx2, and possibly Pax6, may be involved in the proportioning of areas, a process that could account for the plasticity of areal borders both through evolution and in the individual.
The discussion on these recent ®ndings highlights the dif®culties of studying arealization of the neocortex. First, there is a lack of early regional markers expressed by precursor cells with which to assess positional value. Second, it is not clear how a possible early molecular regionalization of the neocortical neuroepithelium may then translate into functional domains that share thalamic connectivity with the same nuclei. To approach this latter point requires the indelible marking of precursor cells that express one gene in question at any given time. The use of conditional genetic recombination techniques is likely to allow the production of such marked clones that can later be compared with functional areas as determined by the mapping of thalamocortical afferent innervation and by electrophysiological recordings. However, to perform such tests, one needs to have regulatory elements that drive expression of CRE recombinase, for example, in localized pools of early precursors. Because these regulatory elements have not yet been de®ned, we are back to the ®rst problem, which is to ®nd genes, the expression of which is restricted to subsets of precursor cells.
In the past years, several laboratories, including ours, have been involved in large screenings, searching for differentially expressed genes. Some initial reports hint as to their nature (e.g. Liu et al., 2000) although nothing published so far would immediately allow solving the two problems stated above. The question that needs to be resolved ®rst is, therefore, what kind of spatial pattern exists in precursor cells within the early neocortical ventricular zone, possibly as early as E9±E10. Are there genes that show sharp boundaries or is arealization the result of the addition of shallow expression gradients of transcription factors as possibly suggested by the Emx2 and Pax6 mutant experiments? Other questions that will follow are how such gradients or sharp boundaries are formed and how they may relate to the rostrocaudal and dorsoventral maturation gradients, how spatial positional information is intertwined with the production of the correct number of neurons in each layer that characterize a given late area, how positional information is recorded in precursor cells, and how possible boundaries in precursor cells are ®rst established and then maintained.
Given that there is still so little molecular data on the process of arealization at present, one can only imagine how such intrinsic patterning may occur (Fig. 3) . In one view, similar to that for the neural plate, the neocortical neuroepithelium could behave as a developmental ®eld, with its boundaries behaving as sources of patterning information. If this were the case, would the neocortex/olfactory bulb, the striatum/cortex, and the neocortex/hippocampus boundaries be sources of secreted signals patterning the A-P axis of the neocortex? Are these signals speci®c for the evolutionarily new neocortex or, more likely, are they part of the list of usual suspect signals involved in patterning cell groups in other regions of the embryo? Considering the regionalization of the hindbrain and spinal cord, it would be interesting to investigate whether signals such as FGFs, Hedgehogs, TGF-bs, and retinoids participate in cortical arealization, as signaling systems acting in one part of the early CNS can be redeployed in other areas later in development. For example, the Sonic hedgehog-Gli pathway is ®rst involved in patterning the ventral neural tube (Krauss et al., 1993; Echelard et al., 1993; Roelink et al., 1994; Martõ Â et al., 1995; Chiang et al., 1996) while it is later involved in the development of the cerebellum, a dorsal structure (Dahmane and Ruiz i Altaba, 1999; Wallace, 1999; Wechsler-Reya and Scott, 1999) .
In a recent model for forebrain regionalization Rubenstein et al., 1998) , the entire neocortex falls within one prosomeric unit, ruling out a contribution of mechanisms underlying the appearance of possible prosomeres to neocortical arealization. Nevertheless, the formation of areas in the mammalian neocortex could be mechanistically related to the formation of other embryonic spatial heterogeneities, such as the A-P compartment boundary of the¯y wing imaginal disc (Lawrence, 1992 ) or the rhombomeres in the chick hindbrain (Lumsden and Krumlauf, 1996) . However, even in these cases, how could these regular processes account for the extremely varied shape of neocortical areas? Indeed, many of the mechanisms known to operate during spatial partitioning in animal development yield periodic regular subdivisions, such as parasegments in the early¯y embryo (Lawrence, 1992) . More complex patterns require more information. Given that the numbers, shapes, and extension of areas can be rapidly varied in evolution, does this imply the action of a mechanism that includes the possibility of creating random organizing centers in a competent ®eld? The comparison that comes to mind is the development of spots in the wings of moths and butter¯ies (Carroll et al., 1994) . In this process, each new spot derives from the creation of a novel source of Hedgehog morphogen that acts at a distance (Keys et al., 1999) . The shape and size of the spots could be related to the timing of formation of the organizing center, to the strength of the organizing signal, and possibly to the differential rates of proliferation and to competition for space with neighboring spots. Timing, signal strength, differential proliferation, and competition may be mechanisms not foreign to arealization of the neocortex. Because neocortical areas are plastic at the level of the individual, the phylogenetic speci®cation of the areal organizing centers in the neocortical precursors cannot be rigidly de®ned. Instead, there must be alternative neighboring centers available during ontogeny, or the process of area or spot expansion that ensues must be affected by individual variables. One possible way to approach intrinsic areal speci®cation in precursors may be to think of the genetic de®nition of a number of potential organizing centers, which initiate parcellation during development, yielding highly related but not identical areal patterns in siblings. This model predicts the existence of genes speci®cally expressed in such centers, which endow the centers with organizing activity, and the regulation of which must be evolutionarily malleable. The existence of such centers could be related to the local proliferative heterochronicity detected in precursor pools in the ventricular zone (Reznikov and Van der Kooy, 1995; Bittman et al., 1997) . Could this model then account for the plasticity of the neocortex seen in the individual and through evolution, including the creation of new areas? Possibly, if the creation of organizing centers is malleable in ways not dissimilar to those in butter¯y wings. If such centers exist, it will be interesting to ®nd out how early they are determined and how these may interact, respond to, or affect the expression and/or action of graded molecules. Experiments to test whether such putative neocortical organizing centers exist and whether they use the Hedgehog pathway, like lepidoptera eyespots, are underway.
Perhaps the last thought ought to be devoted to the function and importance of any intrinsic patterning information that may exist in neocortical precursors. Because a number of ®ndings from experiments in model systems and from pathological conditions in humans suggest that there is enormous plasticity in areal size and even in the thalamocortical mapping itself (e.g. Krubitzer and Huffman, 2000) , why should intrinsic information be critical for arealization? We guess that it does not have to be. Regionalization by intrinsic information may be an evolutionary safety mechanism to insure consistent arealization in individuals of the same species. This would assure the reproducibility of high-order brain function within a species, allowing nonetheless, for individuality.
